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RECEIVE INPUT ACTIVATIONS FROM SOURCE EXTERNAL TO COMPUTING DEVICE

502

DETERMINE WHETHER EACH OF THE INPUT ACTIVATIONS INCLUDES ONE OF A
ZERO-VALUE OR A NON-ZERO VALUE 504

STORE INPUT ACTIVATION AND CREATE INDEX WITH MEMORY ADDRESS
LOCATIONS THAT HAVE NON-ZERO ACTIVATION VALUES 06

BROADCAST INPUT ACTIVATION ONTO DATA BUS AND FROM A MEMORY

ADDRESS LOCATION ASSOCIATED WITH THE INDEX 08

DETECT WHETHER INPUT ACTIVATION 1S BROADCAST FROM NON-INDEXED
MEMORY ADDRESS LOCATION, IF YES, PROVIDE CONTROL SIGNAL TO

COMPUTATIONAL ARRAY TO PREVENT COMPUTATION USING ZERO INPUTg4
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EXPLOITING INPUT DATA SPARSITY IN
NEURAL NETWORK COMPUTE UNITS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 15/336,066, filed on Oct. 277, 2016. The prior
application 1s incorporated herein by reference 1n 1ts entirety.

BACKGROUND

This specification relates to performing machine learning,
computations using a special purpose computational unit.

Neural networks are machine learning models that
employ one or more layers of models to generate an output,
¢.g., a classification, for a received mmput. Some neural
networks 1include one or more hidden layers 1n addition to an
output layer. The output of each hidden layer 1s used as 1nput
to the next layer in the network, 1.e., the next hidden layer
or the output layer of the network. Each layer of the network
generates an output from a received input 1n accordance with
current values of a respective set ol parameters.

Some neural networks include one or more convolutional
neural network layers. Each convolutional neural network
layer has an associated set of kernels. Each kernel includes
values established by a neural network model created by a
user. In some implementations, kernels i1dentify particular
image contours, shapes, or colors. Kernels can be repre-
sented as a matrix structure of weight inputs. Each convo-
lutional layer can also process a set of activation inputs. The
set of activation mputs can also be represented as a matrix
structure.

SUMMARY

One way of computing convolution calculations requires
numerous matrix multiplications in a large dimensional
space. A processor or controller device of a compute unit can
compute matrix multiplications through a brute force
method. For example, although compute-intensive and time-
intensive, the processor can repeatedly calculate individual
sums and products for convolution calculations. The degree
to which the processor parallelizes calculations 1s limited
due to its architecture.

An 1nnovative aspect of the subject matter described 1n
this specification can be embodied 1n a computer-imple-
mented method. The method includes receiving, by a com-
puting device, a plurality of mput activations, the input
activations being provided, at least 1n part, from a source
external to the computing device and determining, by a
controller of the computing device, whether each of the
plurality of iput activations 1s one of a zero value or a
non-zero value. The method further includes storing, 1n a
memory bank of the computing device, at least one input
activation, wherein storing the at least one of the put
activations includes generating, by the controller, an 1index
comprising one or more memory address locations having
input activation values that are non-zero values. The method
still further includes providing, by the controller and from
the memory bank, at least one mnput activation onto a data
bus that 1s accessible by one or more units of a computa-
tional array, wherein the activations are provided, at least in
part, from a memory address location associated with the
index.

In some 1mplementations, the index 1s created based on a
bitmap comprising a plurality of bits and, wherein each bit
of the bitmap indicates at least one of a non-zero nput
activation value or a zero input activation value. In some
implementations, the method further includes, providing a
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2

first input activation that has a non-zero value to perform, by
at least one umt, a computation using the non-zero value,
and subsequently providing a second input activation that
has a zero value, and preventing, in at least one unit,
computation that would otherwise be performed using the
zero value.

In some 1implementations, preventing occurs in response
to the controller determining that the input activation 1s
provided from a memory address location that 1s not asso-
ciated with the index. In some implementations, the method
turther includes, detecting, by the controller, that the mput
activation 1s provided from a memory address location that
1s not associated with the index, and, 1n response to detect-
ing, providing a control signal to at least one unit of the
computational array to prevent a multiply operation associ-
ated with the zero put activation value.

In some implementations, the method further comprises,
mapping, by the controller and to a first unit, a first portion
of a tensor computation that uses a first imnput activation and
mapping, to a second unit that differs from the first unit, a
second portion of the tensor computation that also uses the
first input activation. In some implementations, the method
further comprises, sequentially providing a single nput
activation onto the data bus, the single input activation being
accessed and selected from memory address locations that
are associated with the index. In some implementations,
providing further comprises, not providing input activations
that have a zero value.

Another innovative aspect of the subject matter described
in this specification can be embodied 1n one or more
machine-readable storage devices storing instructions that
are executable by one or more processing devices to perform
operations comprising, receiving, by a computing device, a
plurality of mput activations, the mmput activations being
provided, at least in part, from a source external to the
computing device and determining, by a controller of the
computing device, whether each of the plurality of put
activations 1s one of a zero value or a non-zero value. The
operations further comprise storing, 1n a memory bank of the
computing device, at least one of the input activations,
wherein storing the at least one mput activation includes
generating, by the controller, an index comprising one or
more memory address locations having input activation
values that are non-zero values. The operations still further
comprise providing, by the controller and from the memory
bank, at least one input activation onto a data bus that 1s
accessible by one or more units of a computational array,
wherein the activations are provided, at least 1n part, from a
memory address location associated with the index.

Another 1nnovative aspect of the subject matter described
in this specification can be embodied 1n an electronic system
comprising a controller disposed 1n a computing device, the
controller including one or more processing devices; and
one or more machine-readable storage devices for storing
instructions that are executable by the one or more process-
ing devices to perform operations comprising: receiving, by
the computing device, a plurality of mput activations, the
input activations being provided, at least in part, from a
source external to the computing device; and determining,
by the controller, whether each of the plurality of input
activations 1s one of a zero value or a non-zero value. The
operations further comprise, storing, 1 a memory bank of
the computing device, at least one of the mput activations,
wherein storing the at least one mput activation includes
generating an dex comprising one or more memory
address locations having input activation values that are
non-zero values. The operations still further comprise, pro-
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viding, by the controller and from the memory bank, at least
one input activation onto a data bus that 1s accessible by one
or more units of a computational array, wherein the activa-
tions are provided, at least in part, from a memory address
location associated with the index.

The subject matter described 1n this specification can be
implemented 1n particular embodiments so as to realize one
or more of the following advantages. Activations accessible
from a first memory and a weights accessible from a second
memory, 1n a single compute system, can be traversed based
on memory address values retrieved from registers. A con-
troller of the compute system can compress activation data
by storing only non-zero values in first memory, thereby
saving memory storage space and corresponding bandwidth.
Matrix multiplications occur in the compute system based,
in part, on primarily providing non-zero input activations.
Moreover, when the compute system uses a communication
scheme that includes primarily non-zero activation values,
computational efliciency can be enhanced or accelerated by
climinating multiplication by zeros.

Other implementations of this and other aspects include
corresponding systems, apparatus, and computer programs,
configured to perform the actions of the methods, encoded
on computer storage devices. A system of one or more
computers can be so configured by virtue of software,
firmware, hardware, or a combination of them installed on
the system that in operation cause the system to perform the
actions. One or more computer programs can be so config-
ured by virtue of having instructions that, when executed by
data processing apparatus, cause the apparatus to perform
the actions.

The details of one or more implementations of the subject
matter described in this specification are set forth i the
accompanying drawings and the description below. Other
potential features, aspects, and advantages of the subject

matter will become apparent from the description, the draw-
ings, and the claims.

BRIEF DESCRIPTION OF TH.

L1

DRAWINGS

FIG. 1 illustrates an example computation structure that
includes activations and parameters.

FIG. 2 illustrates an example computation structure that
includes activations and multiple parameter structures for an
output depth greater than one.

FIG. 3 illustrates an example computation system for
feeding mput activations to one or more parameters.

FIG. 4 illustrates an example architecture that includes a
memory unit providing input activations to one or more
multiply accumulate (MAC) operators.

FIG. 5 1s an example flow chart of a process for reducing,
parameter computations and exploiting input data sparsity.

Like reference numbers and designations 1n the various
drawings indicate like elements.

DETAILED DESCRIPTION

The subject matter described 1n this specification relates
to reducing computations that occur within a compute unit
or tile of an example neural network hardware computing
system. In general, as part of computing a neural network
inference, an iput activation 1s multiplied with a parameter
or weight value to produce an output activation. Due to the
algorithmic properties of computing inferences for deep
neural networks, a large fraction of mmput activations are
zero. In other words, current compute units perform a large
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number of unnecessary computations that include multiply-
ing one number (e.g., a weight) against zero (1input activation
value).

This specification describes, 1n part, a more eflicient
activation storage and communication scheme as well as a
custom architecture design for deep neural network process-
ing, especially for processing convolutional layers of a
neural network. Unlike conventional hardware accelerators
that perform dense matrix multiplication over time, this
specification describes an architecture that can 1) skip or
bypass a computation upon seeing zero mput values; and 2)
reduce memory usage 1 a compute unit by storing com-
pressed 1nput activations that include only non-zero values.
Overall, through the teachings of this specification, compute
umt performance for neural network inference computations
1s improved and energy savings are realized by skipping
unnecessary computations.

FIG. 1 illustrates an example computation structure 100
that mncludes an activation structure 102 and a parameter
structure 104. Activation structure 102 can include a first
data structure 102a including multiple data elements corre-
sponding to a first mput depth (denoted by subscript 0).
[ikewise, activation structure 102 can also include a second
data structure 1026 including multiple data elements corre-
sponding to a second input depth (denoted by subscript 1).
The multiple data elements shown 1n data structure 1024 and
1026 are indicated as a,, b, ¢, d, and a,, b,, ¢,, d,,
respectively. Each data element (a,, a,, b, b,, ¢, d, and etc.)
of the data structure 102a/b 1s an input activation value and
cach mput depth corresponds to a depth of an input to a
neural network layer. In some implementations, a neural
network layer can have an mput depth of one while in other
implementations a neural network layer can have an 1put

depth of more than one.

Parameter structure 104 can be described 1mn a similar
manner as activation structure 102. Parameter structure 104
includes a first data structure 104a and a second data
structure 1045. Fach data structure 104a/b can include
multiple data elements that each contain kernel values. As
shown 1n FIG. 1, the multiple data elements corresponding,
to data structure 104a and 1045 are indicated as X, V5, Zq
and x,, y,, z,, respectively.

As discussed above, each layer of the neural network
generates an output from a received input 1n accordance with
values of a respective set of operands. Like other neural
network layers, each convolutional layer can process a set of
activation iputs that can be represented as a matrix struc-
ture. A convolutional neural network layer will also have an
associated set of kernels that includes values and the kernels
can also be represented as a matrix structure of weights. In
FIG. 1, activation structure 102 can correspond to a matrix
structure having one or more activation inputs and parameter
structure 104 can correspond to a matrix structure having
one or more kernels or weight parameters.

As described i more detail below, various layers of a
neural network process machine learning inferences by
performing large quantities of computations that include
matrix multiplications. Computation processes performed
within a neural network layer (e.g., a convolutional layer)
can include multiplying an mput activation (1.e., a {first
operand) with a weight (1.e., a second operand) on one or
more cycles and performing an accumulation of products
over many cycles. An output activation 1s generated based
on multiply and accumulation operations performed on the
two operands.

As shown, equation 106 provides an example series-
sequence based mathematical operation that can be per-
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formed when an iput activation associated with a certain
data element of activation structure 102 1s multiplied with a
kernel value or weight/parameter associated with a certain
data element of parameter structure 104. For example, 1n
equation 106, when index *“1” equals 0, the mput activation
associated with data element a, of activation structure 102 1s
multiplied with the weight/parameter associated with data
clement x, of parameter structure 104. Moreover, because
equation 106 1s, 1in part, a series based equation, additional
multiply operations will occur between sets of operands that
correspond to other data elements of activation structure 102
and parameter structure 104. In some implementations,
multiplication of a set of operands can be produce a partial
sum 106a/b for a particular output feature or activation.
Hence, as shown 1n equation 106, partial sums can be added
to produce an output feature.

Neural networks can be embodied 1n one or more hard-
ware computing systems that include multiple computing
units configured to accelerate machine learning inference
workloads of a network layer. Fach computing unit can
process a sub-set of computations for a given layer. In some
implementations, structure 100 can be embodied 1n one or
more computing units that each include at least two memory
banks and one or more multiply accumulate (MAC) cells
that can collectively form a MAC array (described below).

In one example, a first memory bank 108 of an example
computing unit stores data associated with activation struc-
ture 102 and can be configured to receive and write input
activation values to memory address locations within
memory bank 108. Likewise, a second memory bank 110 of
the example computing unit stores data associated with
parameter structure 104 and can be configured to receive and
write weight values to memory address locations within
memory bank 110. In this example, each element (e.g., a,,
b, ¢4, d,) 0of data elements 102a can be stored at a respective
memory address of first memory bank 108. Similarly, each
clement (e.g., X4, V4, Zy) 0f data elements 104a can be stored
at a respective memory address of second memory 110.

In some implementations, first memory bank 108 and
second memory bank 110 are each a volatile memory unit or
units. In some other implementations, memory bank 108 and
memory bank 110 are each a non-volatile memory unit or
units. Memory banks 108, 110 can also be another form of
a computer-readable storage medium, such as a floppy disk
device, a hard disk device, an optical disk device, or a tape
device, a flash memory or other similar solid state memory
device, or an array of devices, including devices 1n a storage
area network or other configurations.

In general, a computing umt of a hardware computing
system can 1nclude one or more registers to keep track of
memory address values. The data elements of the matrix
structure corresponding to activation structure 102 can be
accessed from first memory bank 108 while data elements of
the matrix structure corresponding to parameter structure
104 can be accessed from second memory bank 110. An
example control device of the computing tile/compute unit
can access and/or traverse data elements of the matrix
structures based on address values that are accessible from
the one or more registers. An example compute unit/tile
including an example control device, activation structure
102, parameter structure 104, first memory bank 108, and
second memory bank 110 are described more detail below
with reference to FIG. 3.

Moreover, additional details and descriptions relating to
hardware computing systems for accelerating neural net-
work tensor computations and matrix-multiplications for
neural network inference workloads are described i U.S.
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patent application Ser. No. 15/335,769, entitled “Neural
Network Compute Tile,” filed on Oct. 26, 2016. The entire
disclosure of U.S. patent application Ser. No. 15/335,769 1s
expressly incorporated by reference herein 1n 1ts entirety.

FIG. 2 illustrates an example computation structure 200
that includes an activation structure and multiple parameter
structures for an output feature depth greater than one. In
some 1mplementations, a neural network can have multiple
layers that generate outputs that have multiple output feature
depths. In some implementations, each parameter structure
can be responsible for a respective one of the output depths.
Hence, computation structure 200 depicts a scalable com-
puting structure in which additional parameter structures
104 a/b/c are added to facilitate computations associated
with N number of output depths. N 1s a variable and can have
an 1nteger value that ranges from, for example, 1 to 5, or
alternatively, 1 to N depending the preferences or needs of
a computing system designer.

As shown by data path 105, individual mput activation
values for elements associated with data structure 102a can
be fed to each parameter structure 104a/b/c for use 1n
computations performed by multiply operators associated
with respective parameter structures 104. Each parameter
structure 104 can then pass an activation value received
from 1ts left neighbor to 1ts right neighbor 1n a pipelined
manner. Alternatively, activations can be provided and con-
sumed by each parameter structure 104 at the same time.

Matrix 202 can represent an example matrix structure that
corresponds to activations 102. More specifically, element
row 202a can correspond to data structure 102a and element
row 202b can correspond to data structure 1025. In general,
and by way of example, a first parameter structure 104 (1)
1s accessed to perform computations associated with space
206 and a second parameter structure 104 (2) 1s accessed to
perform computations associated with space 208. Although
not shown, additional computations can also be performed
corresponding to the z-dimension. As an example, element
row 202a can be 1in an R plane of an RGB 1mage and element
row 20256 can be 1n a G plane of the same RGB 1mage. An
example convolutional layer of a neural network typically
produces multiple output features. Example output features
can nclude an output feature for classiiying an apple, and
another output feature for classifying a banana. Regarding
data structures 204, space(s) 206 and 208 can represent
different planes for different classifications.

FIG. 3 illustrates an example compute system 300 for
feeding 1nput activations to one or more parameter struc-
tures. Compute system 300 generally includes a controller
302 that provides one or more control signals 310 to cause
input activations for activation structure 102 to be either
stored to or retrieved from a memory address of memory
bank 108. Likewise, controller 302 also provides one or
more control signals 310 to cause weights for parameter
structure 104a/b/c to be either stored to or retrieved from a
memory address of memory bank 110. Compute system 300
further includes one or more multiply accumulate (MAC)
cell/unit(s) 304, an input activation bus 306 and an output
activation bus 308. Control signals 310 can, for example,
cause memory bank 108 to provide one or more input
activations unto mput activation bus 306, cause memory
bank 110 to provide one or more weights to parameter
structure 104 a/b/c, and/or cause MAC unit 304 to perform
computations that produce output activations that are pro-
vided to output activation bus 308.

Controller 302 can include one or more processing units
and memory. In some embodiments, processing units of
controller 302 can include one or more processors (e.g.,
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microprocessors or central processing units (CPUs)), graph-
ics processing units (GPUs), application specific integrated
circuits (ASICs), or a combination of different processors. In
alternative embodiments, controller 302 can include other
storage or computing resources/devices (e.g., bullers, reg-
1sters, control circuitry, etc.) that provide additional process-
ing options for performing one or more ol the determina-
tions and calculations described 1n this specification.

In some 1implementations, processing unit(s) of controller
302 executes programmed instructions stored 1n memory to
cause controller 302 and compute system 300 to perform
one or more functions described in this specification. The
memory of controller 302 can include one or more non-
transitory machine-readable storage mediums. The non-
transitory machine-readable storage medium can include
solid-state memory, magnetic disk, and optical disk, a por-
table computer diskette, a random access memory (RAM), a
read-only memory (ROM), an erasable programmable read-
only memory (e.g., EPROM, EEPROM, or Flash memory),
or any other tangible medium capable of storing informa-
tion.

In general, compute system 300 1s an example compute
unit or tile and can include additional hardware structures to
perform computations associated with multi-dimensional
data structures such as tensors, matrices and/or data arrays.
In some implementations, input activation values can be
pre-loaded to memory bank 108 for activation structure 102
and weight values can be pre-loaded to second memory bank
110 using data values received by compute system 300 that
arrive at a compute system 300 from an external or higher
level control device associated with a neural network hard-
ware computing system.

In some 1mplementations, system 300 receives instruc-
tions that define a particular compute operation to be per-
tformed by system 300. Moreover, controller 302 can execute
programmed instructions to, for example, analyze a data
stream associated with the received put activations. Ana-
lyzing the input activation data stream can enable controller
302 to detect or determine whether a value associated with
cach of the input activations 1s a zero value or a non-zero
value. In some 1implementations, controller 302 analyzes an
example imput activation data stream and maps each
detected zero activation value and each detected non-zero
activation value to bitvector or bitmap 303.

As shown 1n FIG. 3, bitmap 303 can use binary values to
map detected zero value mput activations and detected
non-zero value mput activations. For example, a binary
value of “0” can correspond to a detected zero input acti-
vation value and a binary value of “1” can correspond to a
detected non-zero input activation value. For example, bit-
map 303 can be an 8-bit bitmap 1n which odd numbered bit
positions that include a binary “1” correspond to non-zero
activation values and even numbered bit positions that
include a binary “0” correspond to zero activation values.

Controller 302 can cause input activations to be stored in
memory bank 108. In general, data values stored in memory
bank 108 are typically each written to a respective memory
address location. The address location in memory bank 108
can then be accessed by an example control device (e.g.,
controller 302) when a data value such as an 1nput activation
1s needed to perform a particular compute operation. Con-
troller 302 can use bitmap 303 to create an index of memory
address locations that include non-zero nput activation
values.

In some 1implementations, controller 302 uses bitmap 303
to determine which mmput activations to write to memory
bank 108. For example, analysis of bitmap 303 can indicate
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that only activation values corresponding to bitmap posi-
tions 1, 3, 5, 7 (non-zero values) should be written to address
locations 1n memory bank 108. Moreover, data values asso-
clated with bitmap positions 2, 4, 6, 8 (zero values) can
either be discarded or written to memory address locations
which may or may not be accessed by controller 302 when
activation values are provided to mput bus 306. Thus,
bitmap 303 can be used as a basis to compress zero activa-
tion values 1n which compression occurs when zero value
input activations are not written to memory address loca-
tions, thereby reducing the overall memory usage and free-
ing address locations for storing other data values.

Controller 302 can provide one or more control signals
310 to memory bank 108 to load mput activations, from
memory bank 108, onto input activation bus 306 and provide
the values to an array of computational units that include
MAC 304. In some implementations, bitmap 303, or the
non-zero memory address mndex that corresponds to bitmap
303, can be referenced by controller 302 so as to determine
which memory address values should be accessed to provide
non-zero activation values. Activation values are provided
by controller 302 from memory bank 108 and onto data bus
306.

In some implementations, the mput activations are pro-
vided, at least 1n part, from a memory address location
associated with the index or bitmap 303. In other imple-
mentations, controller 302 can detect or determine, based on
one of bitmap 303 or the index, whether an 1nput activation
that 1s provided has a zero value. In response to making this
determination, controller 302 can then provide a control
signal to unit or MAC 304 in the computational array to
prevent, stall, or otherwise inhibit the occurrence of an
unnecessary multiply operation (e.g., a multiply by zero).
Within compute system 300, energy savings can be realized
from providing a zero activation value and subsequently or
simultaneously disabling a compute operation associated
with that activation.

As discussed above, the index includes all memory
address locations having input activations with non-zero
values. Data bus 306 1s accessible by one or more units of
a computational array. The units of the computational array
can receive, from data bus 306, one or more non-zero
activation values to perform computations relating to matrix
multiplication based on the received activation values. In
some 1mplementations, compute system 300 will only pro-
vide mput activations from memory address locations that
correspond to the indexed addresses. Thus, no zero activa-
tions will be provided to mput bus 306 and so, no compute
operations will be disabled or otherwise prevented from
occurring. When compute system 300 uses this communi-
cation scheme, computational efliciency can be enhanced or
accelerated by eliminating multiplication by zeros.

For a given compute cycle, compute system 300 can
require access to an element of activation structure 102 and
parameter structure 104 to execute multiplication operations
associated with inference computations for a neural network
layer. As noted above, certain memory address values for
memory bank 108 and memory bank 110 can correspond to
clements of activation structure 102 and parameter structure
104 respectively.

For a cycle in which computations are performed, con-
troller 302 will provide one input activation value at a time
and the array of computational units including MAC cell
304 will multiply an activation with a weight to produce
different output activations for a given mnput activation. Each
clement (described above as a parameter structure) or MAC
cell 304 of the array of computational units can be respon-
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sible for different output depths of a neural network layer. In
general, whenever controller 302 detects a zero activation
value, controller 302 can either: 1) not store that activation
value 1n memory bank 108; 2) not provide the activation
value, or 3) provide the value and provide a control signal
to a particular computational unit to cause the unit to not
perform a multiply operation corresponding to that zero
activation value.

The array of computational units 1s fully controlled by
controller 302, which can determine, based on detection of
a zero activation value, when there 1s a need to skip or
prevent a particular computation. Thus, there 1s no need for
additional complex hardware structures within the array of
computational units to skip a particular computation. Fur-
thermore, i1nput activation values can be analyzed upon
arriving at compute system 300 for storage in memory bank
108. In response to analyzing the mput activations, control-
ler 302 can execute an instruction to efliciently compress
activation data by storing only non-zero values in memory
108, thereby saving memory storage space and correspond-
ing bandwidth.

When compute system 300 receives input activations and
weights, controller 302 can, for example, execute one or
more direct memory access operations. Execution of these
memory access operations includes storing, 1n address loca-
tions of memory bank 108, mput activations corresponding,
to dimensional elements of activation structure 102. Like-
wise, controller 302 can also store, 1n address locations of
memory bank 110, parameters corresponding to dimensional
clements of parameter structure 104. In addition to bitmap
303, controller 302 can further include one or more address
registers that maintain the memory addresses from which a
particular mput activation (e.g., having a zero value or
non-zero value) will be fetched. Moreover, the one or more
registers will also store the memory addresses from which a
corresponding weight 1s fetched to be multiplied with the
particular mput activation.

As discussed above, controller 302 i1dentifies memory
addresses for non-zero activation values based, in part, on
bitmap 303. In some implementations, controller 302 reads
bitmap 303 and determines, for example, at least two
memory addresses that have non-zero activation values. IT
controller 302 1s configured to provide, and subsequently
skip or disable computes for, zero activation values, then
controller 302 may also determine at least one memory
address that has a zero activation value. In this implemen-
tation, controller 302 can reference the above mentioned
registers to determine a corresponding weight (and memory
address) for the first mput activation and to determine a
corresponding weight (and memory address) for the second
input activation.

As noted above, controller 302 maintains one or more
address registers in memory. So, to mitigate or prevent any
potential misalignment of operands (input activation and
weight), upon detection of the zero value input activation,
controller 302 can disable the corresponding compute unit,
skip loading a particular weight, and retrieve the appropnate
corresponding weight (and memory address) for the next
non-zero mput activation to resume computing output acti-
vations for a given neural network layer.

In some implementations, the output activations com-
puted at a first neural network layer are used as input
activations to a next second layer 1n the network, e.g., a next
hidden layer or the output layer of the network. In general,
cach layer of the neural network generates an output from a
received mput 1n accordance with current values of a respec-
tive set of parameters. In some instances, controller 302 can
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execute programmed 1nstructions (1.e., output logic) to ana-
lyze data streams associated with output activations pro-
vided to output activation bus 308. Analyzing the output
activation data stream can enable controller 302 to detect or
determine whether a value associated with each of the output
activations 1s a zero value or a non-zero value. Controller
302 can analyze an example output activation data stream
and map each detected non-zero activation value to bitmap
305. Mapped non-zero activation values 1n bitmap 305 can
be used to supply only non-zero values as mput activations
to a subsequent compute system 300 that 1s responsible for
computations associated with the next second layer 1n the
network.

In alternative implementations, there can be some com-
pute operations in which a single non-zero nput activation
1s used as an operand for several multiply operations cov-
ering a variety of weights for a given dimensional element
of parameter structure 104 (1.e., 1terate a “x” or “y” dimen-
sion). For example, when controller 302 causes memory
bank 108 to provide a first mput activation (e.g., non-zero
value), parameter structure 104a recerves the activation and
a corresponding weight at a given address 1s also loaded to
parameter structure 104a. Parameter structure 104a will
proceed to update a particular number of partial sums (e.g.,
denoted by variable “K”’) that the first input activation aflects
over K compute cycles. As a result, for these K cycles,
parameter structure 104a will receive no additional input
activations. Controller 302 can then provide a control signal
to memory bank 108 to cause the next mput activation to be
provided to mput activation bus 306.

FIG. 4 illustrates an example architecture that includes a
memory bank 108 that provides activations 404 via input
bus 306 to one or more multiply accumulate (MAC) opera-
tors. A shift register 404 can provide shift functionality
whereby activations 404 are sent out one at a time onto input
bus 306 for receipt by one or more MAC operators in a MAC
cell 304. As shown, 1n one implementation, activation 406
may have an activation value of zero and, therefore, may not
be consumed by a MAC cell 304.

In general, MAC cells 304 comprising MAC operators are
defined as compute units that calculate a partial sum and, 1n
some 1implementations, are configured to write a partial sum
datum to output bus 308. As shown, cells 304 may consist
of one or more MAC operators. In one implementation, the
number of MAC operators in MAC cell 304 1s referred to as
the 1ssue width of the cell. As an example, a dual 1ssue cell
refers to a cell with two MAC operators that can compute the
multiplication of two activations values (from memory bank
108) with two parameters (from memory 110) and perform
an addition between the results of the two multipliers and the
current partial sum.

As described above, mput bus 306 1s a communication
bus that provides input activations to MAC operators of the
linear unit (1.e., MAC array 304). In some implementations,
the same 1nput 1s shared between all MAC operators. The
width of 1nput bus 306 must be wide enough to supply the
input activations to the corresponding number of cells for a
given MAC array 304. Consider the following example to
illustrate the structure of mput bus 306. When the number of
cells 1 the linear umit equals four and the activation width
equals eight bits, input bus 306 can be configured to provide
up to four mput activations every cycle. In this example,
every cell in MAC array 304 will only access one out of the
four activations that are provided.

In some examples, istruction data 312 can indicate that
cells of MAC array 304 will need to perform computations
using the same input activation. This may be referred to as
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Zout partitioning within a cell of MAC array 304. Likewise,
Z1n partitioning within a cell occurs when cells of MAC
array 304 need different activations to perform computa-
tions. In the former case, the single mmput activation 1s
replicated four times and four activations read from memory
bank 108 are provided over four cycles. In the latter case, a
read of memory bank 108 1s required every cycle.

FIG. 5 1s an example flow chart of process for reducing
parameter computations and exploiting input data sparsity.
At block 502, compute system 300 receives input activations
that have either a zero activation value or a non-zero
activation value. As discussed above, 1n some 1implementa-
tions, compute system 300 can receive input activations
from a host interface device or higher level controller of an
example neural network hardware system.

At block 504, controller 302 determines whether each of
the mput activations 1s a zero value or a non-zero value. In
some 1mplementations, controller 302 analyzes an input
activation data stream and maps each detected zero value
and non-zero value to bitmap 303 that includes binary values
that correspond to zero mnput activation values (*0”) and
non-zero input activation values (“17).

At block 506, controller 302 stores, 1n memory bank 108,
received input activations. Storing the input activation can
include controller 302 generating an index of one or more
memory address locations having input activations that
include non-zero values. In some implementations, the index
1s created based on bitmap 303. For example, because each
bit of bitmap 303 indicates either a non-zero activation value
or a zero activation value, bitmap 303 can be referenced by
controller 302 to create an index of memory address loca-
tions having non-zero values when writing input activations
to memory bank 108.

At block 508, controller 302 provides, from memory bank
108, at least one 1put activation onto data bus 306. In some
implementations, the mput activations are provided, at least
in part, from a memory address location identified in the
index. As discussed above, the index i1dentifies all memory
address locations storing input activations with non-zero
values. Data bus 306 1s accessible by one or more units of
a computational array. The unmits of the computational array
recerve, from data bus 306, one or more non-zero activation
values to perform computations relating to matrix multipli-
cation. In some implementations, compute system 300 will
only provide input activations from memory addresses that
correspond to the indexed addresses. When compute system
300 uses this commumication scheme, computational eth-
ciency can be enhanced by eliminating multiplication by
Zeros.

At block 510, in implementations where all activation
values are provided rather than only iput activations from
indexed addresses, controller 302 detects that an input
activation 1s provided from a memory address that 1s not
associated with any indexed addresses that include non-zero
activation values. In response to this detecting step, control-
ler 302 can then provide a control signal to at least one unit
of the computational array to prevent a multiply operation
associated with the zero input. When compute system 300
uses this communication scheme, energy savings can be
realized by preventing unnecessary or wasteful computa-
tions that yield no usetul results (e.g., usetul results includes
compute of a partial sum or output activation).

Embodiments of the subject matter and the functional
operations described 1n this specification can be imple-
mented 1n digital electronic circuitry, i tangibly-embodied
computer soltware or firmware, mm computer hardware,
including the structures disclosed in this specification and
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their structural equivalents, or 1n combinations of one or
more of them. Embodiments of the subject matter described
in this specification can be implemented as one or more
computer programs, 1.€., one or more modules of computer
program 1nstructions encoded on a tangible non transitory
program carrier for execution by, or to control the operation
of, data processing apparatus. Alternatively or in addition,
the program instructions can be encoded on an artificially
generated propagated signal, e.g., a machine-generated elec-
trical, optical, or electromagnetic signal, which 1s generated
to encode information for transmission to suitable receiver
apparatus for execution by a data processing apparatus. The
computer storage medium can be a machine-readable stor-
age device, a machine-readable storage substrate, a random
or serial access memory device, or a combination of one or
more of them.

The processes and logic flows described 1n this specifi-
cation can be performed by one or more programmable
computers executing one or more computer programs to
perform functions by operating on 1nput data and generating
output(s). The processes and logic tlows can also be per-
formed by, and apparatus can also be implemented as,
special purpose logic circuitry, e.g., an FPGA (field pro-
grammable gate array), an ASIC (application specific inte-
grated circuit), a GPGPU (General purpose graphics pro-
cessing unit), or some other processing unit.

Computers suitable for the execution of a computer
program 1include, by way of example, can be based on
general or special purpose microprocessors or both, or any
other kind of central processing unit. Generally, a central
processing unit will receive 1structions and data from a read
only memory or a random access memory or both. The
essential elements of a computer are a central processing
unmit for performing or executing instructions and one or
more memory devices for storing instructions and data.
Generally, a computer will also include, or be operatively
coupled to receive data from or transier data to, or both, one
or more mass storage devices for storing data, e.g., mag-
netic, magneto optical disks, or optical disks. However, a
computer need not have such devices.

Computer readable media suitable for storing computer
program 1nstructions and data include all forms of non-
volatile memory, media and memory devices, including by
way ol example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; magnetic
disks, e.g., internal hard disks or removable disks. The
processor and the memory can be supplemented by, or
incorporated 1n, special purpose logic circuitry.

While this specification contains many specific imple-
mentation details, these should not be construed as limita-
tions on the scope of any invention or of what may be
claimed, but rather as descriptions of features that may be
specific to particular embodiments of particular inventions.
Certain features that are described 1n this specification in the
context of separate embodiments can also be implemented 1n
combination 1n a single embodiment. Conversely, various
features that are described 1n the context of a single embodi-
ment can also be implemented 1n multiple embodiments
separately or in any suitable subcombination. Moreover,
although features may be described above as acting 1n
certain combinations and even 1itially claimed as such, one
or more features from a claimed combination can i1n some
cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a sub combination.

Similarly, while operations are depicted 1n the drawings in
a particular order, this should not be understood as requiring
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that such operations be performed in the particular order
shown or 1n sequential order, or that all 1llustrated operations
be performed, to achieve desirable results. In certain cir-
cumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system
modules and components 1 the embodiments described
above should not be understood as requiring such separation
in all embodiments, and 1t should be understood that the
described program components and systems can generally
be 1mntegrated together 1n a single software product or pack-
aged 1to multiple software products.

Particular embodiments of the subject matter have been
described. Other embodiments are within the scope of the
following claims. For example, the actions recited in the
claims can be performed 1n a different order and still achieve
desirable results. As one example, the processes depicted 1n
the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve

desirable results. In certain implementations, multitasking
and parallel processing may be advantageous.

What 1s claimed 1s:
1. A hardware circuit configured to implement a neural
network comprising a plurality of neural network layers, the
circuit comprising:
a controller configured to:
receive a batch of iputs for processing through a first
neural network layer; and
generate a compressed representation of mputs based
on a respective value of each input in the batch of
inputs; and
an address register configured to:
store a plurality of addresses, wherein each address of
the plurality of addresses 1s an address of a location
in memory that stores an input in the compressed
representation of puts, and
wherein the controller 1s configured to generate control
signals that cause the circuit to:
retrieve each input 1n the compressed representation of
inputs from a corresponding location 1 memory
based on a respective address of the corresponding
location; and
alter retrieving each respective mput, process the
respective 1put through the first neural network
layer at least by multiplying the input with a corre-
sponding weight value for the first neural network
layer to generate an output for the first neural net-
work layer.
2. The circuit of claim 1, comprising a multiply accumu-
late cell configured to:
receive the respective mput 1n the compressed represen-
tation of mputs from a memory location identified by
the respective address stored 1n the address register;

receive the corresponding weight value for the first neural
network layer; and

perform the multiplication between the input and the

corresponding weight value to generate the output for
the first neural network layer.

3. The circuit of claim 2, wherein the compressed repre-
sentation of mputs comprises fewer mputs than the batch of
inputs and each input 1 the compressed representation of
inputs has a non-zero value.

4. The circuit of claim 3, comprising:

an activation memory configured to store each input 1n the

batch of mputs and each mput in the compressed
representation of mputs; and
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a parameter memory configured to store a plurality of
weight values for each of the plurality of neural net-
work layers.
5. The circuit of claim 4, wherein:
the controller 1s configured to generate control signals to
store each input in the compressed representation of
mputs 1 a corresponding memory location of the
activation memory of the circuit, wherein each memory
location of the activation memory 1s identified by a
corresponding address; and
the address register 1s configured to store a portion of the
addresses that identily memory locations of the acti-
vation memory.
6. The circuit of claim 4, comprising:
a computation unit that includes a plurality of multiply
accumulate cells, wherein the computation unit 1s con-
figured to:
receive a lirst input matrix for the compressed repre-
sentation of iputs, the first mnput matrix comprising
inputs that have a non-zero value;

receive a set of weight values of a weight matrix for the
first neural network layer; and

process the inputs of the first input matrix through the
first neural network layer using the plurality of
multiply accumulate cells, comprising performing a
matrix multiplication between each input 1n the first
input matrix and a weight value 1n the set of weight
values to generate a plurality of outputs for the
neural network layer based on a first quantity of
computations.

7. The circuit of claim 6, wherein the computation unit 1s
configured to:

recerve a second mmput matrix for the batch of puts, the
second input matrix comprising an input that has a zero
value and an 1nput that has a non-zero value; and

process, using the plurality of multiply accumulate cells,
the mputs of the second mmput matrix through the first
neural network layer based on a second quantity of
computations.

8. The circuit of claim 7, wherein:

the first quantity of computations to process the mputs of
the first mnput matrix through the first neural network
layer 1s fewer than the second quantity of computations
to process the inputs of the second 1nput matrix through
the first neural network layer.

9. The circuit of claim 7, wherein the controller 1s

coniigured to:

generate control signals to sequentially provide each input
in the compressed representation of inputs to a corre-
sponding multiply accumulate cell disposed in the
computation unit to process each mput in the com-
pressed representation of iputs through the first neural
network layer.

10. A method for performing computations using a hard-
ware circuit configured to implement a neural network
comprising a plurality of neural network layers, the method
comprising:

receiving, by a controller of the circuit, a batch of inputs
for processing through a first neural network layer;

generating, by the controller, a compressed representation
of 1nputs based on a respective value of each mput 1n
the batch of mputs;

storing, using an address register of the circuit, a plurality
of addresses, wherein each address of the plurality of
addresses 1s an address of a location 1n memory that
stores an 1put 1 the compressed representation of
inputs;
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using control signals generated by the controller, retriev-
ing each input 1n the compressed representation of
inputs from a corresponding location 1n memory based
on a respective address of the corresponding location;
and

after retrieving each respective input, processing the
respective mput through the first neural network layer
at least by multiplying the mput with a corresponding
weight value for the first neural network layer to
generate an output for the first neural network layer.

11. The method of claim 10, comprising:

receiving, by a computation unit of the circuit, 1) the
respective mput in the compressed representation of
inputs from a memory location identified by the respec-
tive address stored in the address register and 11) the
corresponding weight value for the first neural network
layer; and

performing, using a multiply accumulate cell of the com-
putation unit, the multiplication between the input and

10

15
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processing, using the plurality of multiply accumulate
cells, the mputs of the second input matrix through the
first neural network layer based on a second quantity of
computations.

17. The method of claim 16, wherein:

the first quantity of computations to process the inputs of
the first input matrix through the first neural network
layer 1s fewer than the second quantity of computations
to process the mputs of the second mput matrix through
the first neural network layer.

18. The method of claim 16, comprising:

generating, by the controller, control signals to sequen-
tially provide each mput 1n the compressed represen-
tation ol inputs to a corresponding multiply accumulate
cell disposed in the computation unit to process each
mput 1n the compressed representation of inputs
through the first neural network layer.

19. Non-transitory machine-readable storage devices for

storing 1nstructions that are executable by one or more
processing devices to cause performance of operations for
performing neural network computations using a circuit
configured to mmplement a neural network comprising a
plurality of neural network layers, the operations compris-
ng:

the corresponding weight value to generate the output 20
for the first neural network layer.

12. The method of claim 11, wherein the compressed
representation of iputs comprises fewer mputs than the
batch of inputs and each 1nput in the compressed represen-
tation of inputs has a non-zero value. 25

13. The method of claim 11, comprising:

storing, by an activation memory of the circuit, each input
in the batch of inputs and each nput 1n the compressed
representation of mputs; and

recerving, by a controller of the circuit, a batch of inputs
for processing through a first neural network layer;

generating, by the controller, a compressed representation
of 1nputs based on a respective value of each mput 1n

storing, l?y a parameter memory of the circuit, a plurality 30 the batch of inputs:
of weight values for each of the plurality of neural . . : . :
storing, using an address register of the circuit, a plurality
network layers. . .
. . of addresses, wherein each address of the plurality of
14. The method of claim 13, comprising: . L.

: . addresses 1s an address of a location 1n memory that
generating, by the controller, control signals to store each t e q ot ;
input 1n the compressed representation of inputs 1n a 35 STOLES dil NPl 1l e COMPIESSEE TEPHEseidlion o
corresponding memory location of the activation }nputs, ‘ _

memory of the circuit, wherein each memory location using control‘ mgna!s generated by the controller, r‘etnev-

of the activation memory is identified by a correspond- ing each mput 1n the compressed representation of

ing address that 1s stored 1n the address register. puts from a corresponding location in memory based
15. The method of claim 13, comprising: 40 on a respective address of the corresponding location;
receiving, by the computation unit and from the activation and

memory, a first input matrix for the compressed repre- after retrieving each respective input, processing the

sentation of inputs, the first mput matrix comprising respective mput through the first neural network laver,

inputs that have a non-zero value; at least by multiplying the input with a corresponding
receiving, by the computation unit and from the parameter 45 weight value for the first neural network layer to

memory, a set of weight values of a weight matrix for generate an output for the first neural network layer.

the first neural network layer; and 20. The machine-readable storage devices of claim 19,
processing, by the computation unit, the mputs of the first wherein the operations comprise:

input matrix through the first neural network layer receiving, by a computation unit of the circuit, i) the

HSILE d plurality (?fmultlply accun}qlate cells dlSPOSE’:d >0 respective input 1n the compressed representation of

i tl}e computation unit, comprising per.fonnmg , inputs from a memory location identified by the respec-

matrix multiplication between each mput 1n the first . : : .

. . . . . tive address stored in the address register and 11) the

input matrix and a weight value in the set of weight . .

. corresponding weight value for the first neural network
values to generate a plurality of outputs for the neural | Cand
network layer based on a first quantity of computations. 55 ayel an

16. The method of claim 15, comprising:

receiving, by the computation unit, a second mput matrix
for the batch of inputs, the second input matrix com-
prising an 1nput that has a zero value and an input that
has a non-zero value; and

performing, using a multiply accumulate cell of the com-
putation unit, the multiplication between the input and
the corresponding weight value to generate the output
for the first neural network layer.
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